Abstract. This paper reviews the results of our 40-year studies of Cyg X-1 using various methods and observational data: mainly optical photometric, spectroscopic, and polarimetric ones, with X-ray data also considered. We show that, while performing model calculations approximating observational data, it is vital to take into account a diversity of factors, for example, the accretion structure variations that influence the shape of the orbital light curve. We emphasize the necessity of comprehensive studies, development and usage of all possible methods.
INTRODUCTION
Cyg X-1 = V1357 Cyg = HDE 226868 is an X-ray binary system (with the orbital period P = 5.6 d) whose relativistic component is historically the first candidate black hole (BH) and a prototype of X-ray binaries with black holes. It is the brightest object among the high-mass black hole X-ray binaries (m V = 9 mag). The optical component, an O9.7 Iab supergiant, is responsible for about 95% of the system's optical luminosity. The remaining 5% are due to the accretion structure (disk and surrounding gas) near the BH. Intensive investigations of Cyg X-1 are under way for 50 years (more that 4000 paper on Cyg X-1 have already been published), but a lot of phenomena in the system remain unclear.
The existence of the X-ray source Cyg X-1 was first suspected by Giacconi et al. (1962) as a result of the first rocket and balloon experimental search for 20-35 keV cosmic X-ray sources. Large-scale studies of this object began after the launch of the UHURU X-ray satellite in 1970. UHURU discovered rapid (on timescale of milliseconds) chaotic variations of the X-ray radiation. The synchronous appearance of radio source (with precise coordinates) and X-ray abrupt weakening made it possible to identify the X-ray source Cyg X-1 with the B0 star HDE 226868 in 1971 (Bolton 1972) . From that time, active optical observations commenced. In 1971, V. M. Lyuty started his famous series of U BV photometric observations. In 1973, the obtained light curve revealed the ellipsoidal effect, and a lower limit on the X-ray component's mass (7 solar masses) was obtained (Lyutyi et al. 1973) .
In spite of a great number of publications, the system's fundamental parameters, in particular, its inclination angle (27 • < i < 67 • ) remain uncertain. It should be mentioned that the recent studies of photometric variability and radial-velocity curve analysis (Orosz et al. 2011) show the range of inclination angles for the four most favored models, which cover entirely the range of admissible values we derived 40 year ago (Bochkarev et al. 1975) . Unfortunately, our work received very little attention, probably because it was published in Soviet Astronomy Letters, the journal which then had only just started and was not widely known. Meanwhile, our paper, unlike the large paper by Avni & Bahcall (1975) published in the Astrophysical Journal, presented for the first time the admissible ranges for all the main parameters of the system. Therefore, our study (Bochkarev et al. 1975) remains important till now. It was the starting point of our long-time studies of the X-ray binary Cyg X-1. The present paper is devoted to these 40-years-long studies.
BINARY SYSTEM PARAMETER DETERMINATION FROM ROCHE MODEL AND ORBITAL LIGHT CURVE
The average orbital curve in the optical range with the period P = 5.6 d has two about equal maxima and two minima explained with rotation of the tidally distorted supergiant in the BH gravitation field (the ellipsoidal effect). In our papers (Bochkarev et al. 1975 (Bochkarev et al. , 1979 , the ellipsoidal effect was studied in detail in the frame of the Roche model, with approximations that include two point masses moving in circular orbits, synchronous rotation, a linear limb-darkening effect, and the validity of the von Zeipel theorem. We calculated the orbital light curves and published tables of the amplitudes A and the minimum-depth differences ∆A for different parameters of the binary system. For systems with X-ray eclipses, the problem of their parameter determination was fully solved by using the ratio of the eclipse duration ∆P to the orbital period P . However, there are no eclipses in the system of Cyg X-1. In our paper of 1975, we obtained admissible parameters for this object: inclination angle 25
• < i < 67
• ; mass ratio 0.2 < q < 0.8; Roche lobe filling factor 0.8 < µ < 1; optical component mass M o > 17M ⊙ ; X-ray component mass 7M ⊙ < M x < 27M ⊙ . In our calculations, we used: the distance to Cyg X-1 d > 2 kpc; the supergiant's effective temperature T eff < 35 000 K; the mass function 0.23 M ⊙ ; the amplitude A = 0.035−0.050 mag; the difference of minima depths ∆A < 0.005 mag.
In the recent years, Orosz et al. (2011) obtained the parameters based on a full dynamical model of this binary. The new precise distance from radio VLBI trigonometric parallax measurement, d = 1.86 ± 0.12 kpc (Reid et al. 2011 ), was applied. They used U , B, and V light curves covering a nearly 27-year-long series of observations by V. M. Lyuty from the Crimean Laboratory of the Sternberg Astronomical Institute and the radial-velocity data from Brocksopp et al. (1999) and Gies et al. (2003) . Orosz et al. (2011) fitted the results of theoretical calculations for four models with full observational orbital curves (photometric and radial velocity ones). Model A has a circular orbit and synchronous rotation (five free parameters). Model B has a circular orbit and non-synchronous rotation, requiring one additional free parameter. Model C has an eccentric orbit and synchronous rotation at periastron, requiring two additional free parameters. Model D incorporates the possibility of non-synchronous rotation and an eccentric orbit, requiring three additional free parameters (in total, eight free parameters).
It is interesting that the obtained best-fit values of the parameters for all the four models cover our entire admissible-parameter region determined 40 years ago. The measure of the goodness of fit χ 2 tot is somewhat decreasing (but not strongly) from model A to model D, and the cited authors have chosen the model D with non-synchronous rotation and an eccentric orbit. It should be noted that this model has three additional free parameters, and therefore it is much easier to obtain a good fit.
It is the shape of the orbital light curves that mainly determined the choice between the models. The curves show the maximum near phase 0.25 to be slightly higher than the maximum near 0.75. Because model A predicts maxima of equal intensity, the model D that includes the orbit eccentricity fits observational data more optimally. However, this inequality of maxima is most likely accidental. For example, it may be the result of the brightness mean level variations on a long time scale or of flares (see, for instance, Karitskaya et al. 2000 Karitskaya et al. , 2001 and, also, the text below). Indeed, only two deviating observational points near the first maximum turn out to be sufficient to create this small inequality.
Lyuty 's 2003-2006 observations with the same equipment render a light curve with equal maxima (see Fig. 1 ). In Kemp et al. (1987) and Karitskaya et al. (2000 Karitskaya et al. ( , 2001 , the mean orbital light curves have equal maxima within the errors. In these studies, covering the time intervals 1971 and 1994 -1998 s observations were used together with other data. It must be noted that the orbital light curve in Kemp et al. (1987) varied with the phases of P = 294 d: at phases 0.85−0.35, the second maximum was somewhat higher, while the first maximum was higher at phases 0.35−0.85. Generally, the cited papers emphasized that many different factors influenced the binary's light curves (see also Section 4).
Zió lkowski (2014) showed that the mass of the supergiant M o = 19.2 M ⊙ (as derived in model D) was inconsistent with the evolutionary models, namely with the mass-luminosity relation for massive core hydrogen burning stars. His most probable estimates for the star and the black hole masses are M o = 27 M ⊙ and M x = 16M ⊙ . If, as a result of the rotation-induced mixing, the hydrogen content of the supergiant decreases to 0.6, then its mass may be M o = 24 M ⊙ . Other researchers also doubt the values from model D. For example, Cechura et al. (2015) adopted the values 24 M ⊙ and 8.7 M ⊙ (the mass ratio q = 0.36). Thus, the parameters of the Cyg X-1 binary system are not clear till now.
DISTANCE TO CYG X-1
To estimate the absolute X-ray and optical luminosities and other parameters, knowing the distance to the object is essential. Using the interstellar extinction, determined, for example, by Margon et al. (1973) and taking into account the system's location in the Cyg OB3 association with the distance 2.3 kpc from the Earth according to the old Galactic scale , the distance was estimated to be d = 2−2.5 kpc. Reid et al. (2011) determined d = 1.8−2.0 kpc using trigonometric radio parallax measurements. According to the recent determination of distances to OB-associations, Cyg OB3 is located at 1.8 kpc (Mel'nik & Dambis 2009 ). Thus, d = 1.8 kpc for Cyg X-1 can be correct.
For more confidence in the distance, Bochkarev et al. (2015) determined the number of interstellar complexes on the line of sight to Cyg X-1 and compared the result with independently observed large-scale inhomogeneities in interstellar matter. For this purpose, narrow interstellar absorption lines were resolved by fitting them with Gaussian profiles. High-resolution spectra (R = 60 000, 3950−6690Å) of Cyg X-1 obtained with the NES echelle spectrograph of the Russian 6-meter telescope were used. Three main absorption components, with the heliocentric radial velocities V r = −1, −13, and −26 km s −1 , were revealed. They correspond to three interstellar gas and dust complexes along the line of sight to the object. This allows us to determine the distribution of interstellar matter on the way to Cyg X-1. A weak component with V r = −43 km s −1 was revealed in the profiles of the strongest lines. We relate it to the approaching wall of the expanding interstellar envelope around the Cyg OB3 association (superbubble). The obtained pattern of interstellar matter distribution along the line of sight to the object is an additional argument for Cyg X-1 being located in the Cyg OB3 association, at a distance of 1.8 kpc from the Sun. Other arguments are: coincidence in their position on the sky, proper motion, independently obtained distances. The difference of their radial velocities is found to be less than the velocity dispersion of Cyg OB3 stars, 9.5 km s −1 . Consequently, the X-ray binary Cyg X-1 could have been born in this association. The upper limit on the peculiar velocity received as a result of the SN explosion (kick effect) for this object is about 16 km s −1 .
MULTIWAVELENGTH PHOTOMETRY AND COMPARISON WITH X-RAY DATA
Besides the orbital variation, long-term changes were revealed. Some of them are periodic or quasi-periodic. Walker & Quentanilla (1978) were the first to reveal the mean brightness level variations by ∼ 0.02 mag on the time scale of 150 d and to discuss changes in the shape of the orbital light curve. They found some evidence for overall brightness change by ∼ 0.01 mag during the five years of observations. Kemp et al. (1978a) suspected the presence of a period of 39.2 d (or 78.4 d) in the variations of the degree of linear polarization of the optical emission. Karitskaya (1979) pointed out the possible existence of the 78/39-day periodicity in variations of the shape of the orbital light curve. Priedhorsky et al. (1983) reported on the discovery of a period of 294 d in the 3-6 keV range, based on uniform observations from the Vela satellite.
In our work (Kemp et al. 1987) , we attempted to detect the long-period optical variations. We confirmed the existence of the 294-day period in optical variations. The observational material included a many-year series of photoelectric observations of Cyg X-1 obtained in the frame of a cooperative program to study X-ray systems, conducted in the USSR, as well as observations by J. Kemp and V. Lyuty, already published elsewhere.
The total number of night-average data points in the B band, uniformly distributed over 4500 days (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) , is 1912. The variations of average brightness (by ∼ 0.01 mag) and of the shape of the orbital light curve with the phase ψ of the 294-day period agree well with the model of a tilted (j > 10 − 15
• ) precessing accretion disk, which radiates in the optical range mainly through scattering and reprocessing the radiation of the supergiant. On the orbital curve, the disturbance wave of the amplitude ∼ 0.01 mag runs in the direction of the increasing orbital phase. Thus, the direction of the disk precession coincides with that of the orbital motion. This fact is hard to understand within the frame of models presuming forced precession. Another mechanism of direct precession was proposed by us in a different paper (see below). It must be noted that the mean orbital light curve has two equal maxima but, at the phases ψ = 0.85 − 0.35, the second maximum is somewhat higher, and at the phases ψ = 0.35 − 0.85, the first maximum is higher.
In the frame of the 1994-1998 international campaign "Optical Monitoring of Unique Astrophysical Objects", 2258 U BV R observations of Cyg X-1 were performed during 407 nights. The main results were reported in Karitskaya et al. (2000 Karitskaya et al. ( , 2001 and Karitskaya (2003) . The mean orbital light curve has the amplitude A = 0.045±0.002 mag, and the depths of minima differ by ∆A = 0.003±0.002 mag.
We found evidence for irregularities in the flow of matter between the components. Comparing the photoelectric (U BV R) and X-ray ASM/RXTE (1.3-12 keV) flux variations of Cyg X-1, we detected different kinds of variability (orbital variations, various flares, dips, the so-called precession period of 147/294 days) and a correspondence between the optical and X-ray variations. Cross-correlation analysis revealed lags of X-ray long-term variations with respect to the optical ones (7 d in 1996 and 12 d in 1997-1998) . The significance level exceeds 99.99% (Karitskaya et al. 2001 ). The major X-ray outburst of 1996 and the mean orbital optical light curve were subtracted from the X-ray and optical data. The same delays were found between the X-ray and optical flares. We can suppose that the detected lag is possibly the time the matter needs to cross the accretion structure.
The accretion time turns out to be much shorter than that in the standard α-disk accretion model. We may suggest, for example, that most of the accreted matter goes through high latitudes of the accretion structure.
The variations in the shape of the X-ray orbital light curve were revealed. We detected X-ray orbital variation during the high "soft" state in 1996 after subtracting the smoothed light curve of this outburst (Karitskaya et al. 2000) . The shape of the revealed orbital light curve differs from that obtained for the "hard" state because of strong, wide absorption near the orbital phase 0.75. We suggest that this is a result of photoelectric absorption in an additional bulk of accreting gas that appeared during the "soft" state.
We observed an unusually deep (by ∼ 0.04 mag) optical week-long fading in early November 1996 (JD 2450390-397; see also Karitskaya & Goranskij 1996) . It correlated with a 20% X-ray weakening. The depth of this fading, 0.04 mag, is about the same as the contribution of the accretion disk to combined light (Bruevich et al. 1978) . The dramatic change in the brightness level may suggest a strong change in the accretion structure, which led to the disappearance of optical radiation from the disk.
We also revealed several-day-long optical flares (∼ 0.04 mag) coinciding with Xray dips by 20%. All these phenomena evidence for the accretion instability. The scenario of observed X-ray delays and several-day-long optical flares coinciding with X-ray dips was suggested (Karitskaya 1998 ). According to this scenario, matter flows from time to time in separate portions from the supergiant towards the accretion structure, forming separate clots. Every clot produces a shock wave and a bump at the outer rim of the accretion structure, which, in their turn, produce a prolonged optical flare, while the scattered matter produces additional absorption of the soft X-ray flux (dip). The remaining matter, after the time interval necessary to cross the accretion structure (disk), produces an X-ray flare.
On 14 May 1997, another, much more powerful flare (0.12 mag in B, U bands) was detected by Bochkarev et al. (1998) ; it had a different origin, evidently similar to solar flares . One more type of flares are those by ∼ 0.025 mag, several hours to one day in duration, correlating with X-ray flares and not depending on the orbital phase. Thus, there are a lot of factors that can distort the shape of the orbital light curve.
ANALYSIS OF LINEAR POLARIZATION VARIATIONS IN CYG X-1
In 1974, J. Kemp's group discovered, and later investigated in detail, a regular variability of Cyg X-1 optical linear polarization (Nolt et al. 1975; Kemp et al. 1978a Kemp et al. , 1978b Kemp et al. , 1979 Kemp et al. , 1983 . The Stokes parameters Q, U and intensity I were observed during 1974-1983 (about 1700 observational points). In the V band, they found definite variations of the full amplitude by 0.25%, synchronized with the orbital period, the contribution of the second harmonic predominating (Kemp et al. 1979) . Kemp et al. (1983) reported 294-day linear polarization variations, which appear to be the strongest in the U band. We devoted some work to studies of the linear polarization. In Karitskaya (1981) , the linear polarization and radiated intensity of an oblique, precessing, electron-scattering disk in a binary system were calculated.
The light curves and the curves of Stokes parameters Q, U for an oblique, precessing disk were calculated for different precession phases assuming pure elec-tron scattering, as well as accounting for proper absorption (Karitskaya 1981; Bochkarev & Karitskaya 1983a ,b, 1988 Karitskaya & Bochkarev 1989) . The curves on the QU plane were obtained. A new method of description, by means of the Fourier components of periodically varying linear polarization, was suggested and the properties of these components were investigated (Karitskaya & Bochkarev 1983) .
We studied the polarization of tidally distorted stars both with conservative scattering atmospheres and taking into account proper absorption . In Bochkarev et al. (1986) , we calculated in detail the linear polarization due to tidal distortion of the Cyg X-1 primary component and to possible shallow partial eclipses of this component. The opticaldepth variations of the source function and single-scattering albedo were allowed in a model stellar atmosphere. The wavelength dependence of polarization variability amplitude was predicted. In the optical range, the amplitude turned out to be ≤ 0.025%, but in principle, it might be detectable at short wavelengths. In any case, the observed V -band variations of polarization are an order of magnitude stronger, so they cannot be caused by tidal distortion or partial eclipses.
The model of an oblique, precessing accretion disk, that takes into account the disk radiation as well as starlight scattering and re-emission by the disk, can explain the value of the observed linear polarization variation amplitude for the Cyg X-1 relevant parameters. However, it cannot describe the interrelations between Fourier harmonics obtained from the periodically variable linear polarization. The observed ratio of the first to second harmonic amplitudes is about 0.2, while it exceeds 0.8 in this model. In Bochkarev & Karitskaya (1988) and Karitskaya & Bochkarev (1989) , we concluded that the discussed model could explain all Fourier harmonics except the second one (less then a half of full polarization variations). The main part of linear polarization variations (the second harmonic) is related to scattering in optically thin gas located asymmetrically with respect to the optical star, for instance, to asymmetric stellar wind by itself or to the structure created by the accretion flow. We showed that the size of the accretion disk could not exceed 60% of the size of the X-ray source Roche lobe. The precession angle is j = 15
• −20
• . The observational data on linear polarization points to large inclination angles. Precession occurs in the direction of orbital motion (direct precession) and can be due to the momentum of forces transferred to the oblique disk by the gas stream out-flowing from the optical star. For P = 294 d and j = 15
• −20 • , the time of matter leaking from the rim to the interior of the disk is found to be ≈ 10 d. This is approximately equal to the accretion time, determined from the lag of X-ray variations with respect to those in optics (see Section 3).
THE MAIN RESULTS OF HIGH-RESOLUTION SPECTROSCOPIC STUDIES
We have been carrying out many-year spectral monitoring of Cyg X-1 since 2002 (Karitskaya 2003; Karitskaya et al. 2005 Karitskaya et al. , 2006 Karitskaya et al. , 2007 Karitskaya et al. , 2008 ). Here we report the results of high-resolution spectroscopic observations of 2002-2004 and 2007 with echelle spectrographs of the Peak Terskol observatory (altitude 3100 m, North Caucasus) 2-m telescope (121 spectra, spectral resolving power R = 13 000 or 45 000), the Bohyunsan Optical Astronomy Observatory (BOAO, Korea) 1.8-m telescope (5 spectra, R = 30 000), and the Mexican National Astronomical Obser-vatory 2.1-m telescope (83 spectra, R = 13 000). They cover most of the optical range. The signal-to-noise ratio was S/N > 100−200 near Hα. The observations were carried out at different states of the Cyg X-1 X-ray spectrum ("hard", "soft", and transitional). For comparison with X-ray radiation, we used RXTE/ASM data.
The spectra contain the supergiant absorption lines: H I, He I, He II, CNO 4640Å blend, numerous other lines of heavy elements (C, N, O, Ne, Mg, Si, S, Fe, Zn), and strong emission components of H α and He II 4686Å lines with complex profiles. The lines vary with the orbital period, 5.6 d.
The variations of the optical spectral line profiles were found during an X-ray flare (Karitskaya et al. 2005 ). On 13 June 2003, during the 3.7-hour interval between two spectral exposures, the X-ray flux increased by a factor of 1.7. The He II 4686Å line increased and Hα weakened. We connect such behavior with changes in the ionization structure of matter in the binary system Cyg X-1. A very similar response to X-ray variations was observed in the case of the Cyg X-1 "soft" and "hard" states in August and December of 2002. However, such line profile variations did not occur in the case of variations between the "soft" and "hard" states of [2003] [2004] . Thus, during the changes between the "soft" and "hard" states, the He II 4686Å and H α line dependence on the X-ray emission flux proved to be ambiguous ).
Non-LTE modeling of the observed spectra allowed us to put limitations on the parameters of the O supergiant component in Cyg X-1: T eff = 30500 ± 500 K, log g = 3.31 ± 0.05, [He/H] = 0.42 ± 0.05 dex, and on over-abundances of heavy elements, including those affected by CNO-and α-processes (Karitskaya et al. 2005 (Karitskaya et al. , 2011a Shimanskii et al. 2012) .
For stellar atmosphere modeling, we used the "SPECTR" computer code by Sakhibullin & Shimanskii (1997) with later modifications (Ivanova et al. 2002; Shimanskii & Borisov 2002) . It permits computation of line profiles of tidally distorted stars, allowing for illumination of the atmosphere by X-ray flux and non-LTE effects for H I, He I, Mg II, Si IV. Tidal distortion of the Cyg X-1 optical component and its illumination by X-ray emission from the secondary component during "high" and "low" states are taken into account.
It turns out that a chromosphere with a temperature excess up to 7000 K is formed during the "soft" state of Cyg X-1. However, as H I and He I lines originate in deeper layers, external irradiation does not influence them. Non-spherical star rotation leads to Hβ and Hγ Doppler shift by 6-8 km s −1 with respect to the orbital motion. When attempting to determine the binary parameters, such deviations may lead to false eccentricity in the description of the radial-velocity curve (see Section 2). The observed He I lines were proved to have emission components of P Cyg type. Their intensity rises with the equivalent widths of the absorption profiles and does not depend significantly on the orbital phase. The observed He I absorption lines acquire an artificial shift towards shorter wavelengths, while their profiles become asymmetric. This shift increases from 70 to 170 km s −1 with increasing line strength. The dependence of these shifts on the line intensity indicates a stable increase in the velocity of emitting gas with height above the stellar surface, which is typical of a radiation-driven wind. Thus, such components originate in stellar wind outflowing from the O-star surface.
Inside the 3960-5880Å spectral range, we identified, besides four hydrogen lines and a strong He II 4686Å emission line, 130 absorption lines and 7 unre- To exclude possible errors introduced by non-LTE effects (insufficiently taken into consideration) and inaccuracies in the oscillator strengths, we (Shimanskii et al. 2012 ) applied the differential method, used for the determination of Cyg X-1 element abundance, to the supergiant α Cam that has very similar parameters but is a single star. For this purpose, we used spectra of these objects obtained during the same night (30/31 October 2004) with the same equipment (the fiber-feed echelle spectrograph on the Korean BOAO 1.84-m telescope). We used the same spectra processing and simulation techniques.
Helium and heavy element abundances turned out to be higher in HDE 226868 than in α Cam. The atmosphere of the Cyg X-1 supergiant shows a high (from 0.4 to 1.0 dex) excess of He, N, Ne, Mg, Si, that is, the elements affected by CNOand α-processes. In all probability, the excess is due to strong mixing by tidal interaction or/and mass exchange with the relativistic component at the preceding and present stages of evolution, maybe during the supernova explosion. These suggestions are related to Cyg X-1 being a binary, in contrast to the single star α Cam. The elements that are not synthesized in the CNO-and α-processes (Al, S, and Zn) are more abundant (by 0.15-0.30 dex) in HDE 226868 than in α Cam. It leads to the conclusion that the two stars have been formed of interstellar matter differing in composition. As suggested in Karitskaya et al. (2011a,b) , the abundance difference indicates a clumpy metallicity distribution along the Galactic plane, with a scale of ∼ 2 kpc that corresponds to superclouds.
2D AND 3D DOPPLER TOMOGRAPHY OF CYG X-1
For Doppler tomography, we used the method developed by Agafonov (2004) , based on the radio astronomical approach. The main features are deconvolution with introduction of a synthesized beam and the removal of distortions by impact of side lobes on the summary image (after back projecting) using the CLEAN algorithm. This method is developed specially for a small number of irregularly distributed observations. Tomography maps of Cyg X-1 for the 2D case based on He II 4686Å profiles were constructed (Karitskaya et al. 2005 Sharova et al. 2012 Sharova et al. ) using observations of 2003 Sharova et al. , 2004 Sharova et al. , 2007 . We show that: (a) the emission component of He II 4686Å line is generated mainly in the outer parts of the accretion structure closest to the donor star (as a result of heating by O-supergiant radiation) and out of optically thick parts of the accretion disk; (b) the absorption component of this line is a feature of the O-supergiant atmosphere. A new method of parameter determination through Doppler tomograms was proposed and tested. The Doppler images and Roche lobe model enabled us to put a limitation on the black hole / supergiant mass ratio, 1/4 < q < 1/3. Implementation of the 3D Doppler tomography (Sharova et al. 2012 ) became possible due to the developed radio astronomical approach to reconstruction in the few-projections tomography (Agafonov & Sharova 2005) . Three-dimensional tomograms were reconstructed in the 3D velocity space (V x , V y , V z ) based on the spectral data in the He II 4686Å line obtained during monitoring of the source carried out in June 2007 with the 2-m telescope of the Peak Terskol, Russia (51 spectra) and with the 2.1-m telescope of the Mexican National Astronomical Observatory (83 spectra). Their structure shows that the formation of He II 4686Å line profiles is also connected both with the area of accretion structure (emission details) and with the supergiant (absorption detail). However, some additional features have been discovered. The area of the accretion structure consists of the emission feature components connected probably with the emission of its outer part near the donor star; the elongated feature of the stream emerges from the Lagrange point L1 and the emission produced by the stream -accretion structure interaction. On the tomograms constructed using the Mexican observations, there is an interesting emission feature identified with a structure related to the supergiant (in the co-rotation coordinate system). It has V z ∼ −(200−400) km s −1 and the intensity I ∼ 20−30 % of the maximal 3D-tomogram intensity. It is probably a stream from the donor star visible in emission flowing atilt the orbital plane. On the tomograms based on the Terskol observations, this structure is poorly visible, maybe because of the He II 4686Å line being near the echelle order edge. For the first time, some information about gas motion in the directions out of the orbital plane was received. Nevertheless, it is necessary to confirm these results by further observations and evaluation of the obtained material.
LONG-TERM VARIATIONS OF THE SUPERGIANT IN THE BINARY CYG X-1
The 35-year-long homogeneous photometric series of U BV observations performed by V. M. Lyuty at the SAI Crimean Laboratory revealed light and color variations of the supergiant on the time scale of decades (Karitskaya et al. 2006 ). The brightness minima were observed in 1971 and in [2003] [2004] . The object's brightness was slowly increasing from 1985 to 1995, and then decreasing to a minimum reached in 2003. The full amplitudes of long-term variations in the U , B, V bands were respectively 0.065 ± 0.003 mag, 0.031 ± 0.003 mag, and 0.029 ± 0.003 mag. The variations in the U band were the largest. It is interesting that during the transition from the brightness maximum (1995) (1996) (1997) (1998) (1999) to the minimum (2003) (2004) , the X-ray activity increased.
Fortunately, 20 high-resolution spectra of Cyg X-1 were obtained in 1997 at the Crimean Astrophysical Observatory (the 2.6-m telescope, resolving power R = 35 000) in a narrow spectral region (4655-4722Å) including He II 4686Å and He I 4713Å. Comparison of these spectra with those taken by us at the Peak Terskol Observatory (the 2-m telescope, R = 13 000) and the BOAO (the 1.8-m telescope, R = 30 000) in [2003] [2004] showed that the He I 4713Å line had become considerably deeper. Non-LTE simulations of the profile of this line and the photometric variations lead to the conclusion that the star radius increased by about 1-4% from 1997 to [2003] [2004] , while the temperature decreased by 1300−2400 K (Karitskaya et al. 2006 ). This agrees with the increase in the X-ray activity during that time interval. Increasing degree of the Roche lobe filling leads to intensification and instability of the matter outflow toward the X-ray source. Therefore, both photometric and spectral variations indicate a change in the supergiant's parameters on the time scale of decades.
MAGNETIC FIELD IN THE X-RAY BINARY CYG X-1
Two of our papers (Karitskaya et al. 2009 (Karitskaya et al. , 2010 were devoted to observations of the magnetic field in Cyg X-1. This was the first successful attempt at detecting a magnetic field in a binary system with a black hole. Our observations were performed using the 8.2-m Very Large Telescope (VLT, Mount Paranal, Chile) in the spectropolarimetric mode of FORS1 spectrograph with the resolving power R = 4000 in the 3680−5129Å range, the signal-to-noise ratio being S/N = 1500 -3500 (for intensity I), between 18 June and 9 July 2007 and from 14 to 30 July 2008 (Cyg X-1 in the "hard" X-ray state). A total of 13 spectra of intensity I and circular polarization V were obtained. Some developments of measurements of weak stellar magnetic fields, based on the least squares technique applied to spectropolarimetric data, were proposed and used for the X-ray binary Cyg X-1 (Bochkarev & Karitskaya 2011 .
Using the method described, for example, by Hubrig et al. (2004) (the least squares technique), we obtained the mean longitudinal magnetic field ⟨B z ⟩; it is the magnetic field component along the line of sight, averaged over the visible stellar hemisphere and weighted by the local emergent spectral line intensity. Careful reductions, including spectra cleaning, were performed (Bochkarev & Karitskaya 2011 . We removed linear trends from our V /I-continua, most probably caused by the crosstalk between linear and circular polarization within the FORS 1.
The Zeeman measurements were based on all of the observed photospheric absorption spectral lines of the supergiant. Preliminarily we removed not only cosmic-ray hits, interstellar absorption lines, and DIBs, but also all emission components, including the He II 4686Å line. Therefore, this magnetic field belongs to the star. The independent uniform pipeline reprocessing of all of the FORS1 spectropolarimetric observations by Bagnulo et al. (2012) also speaks in favor of the magnetic field existence on the object. They derived larger values for the magnetic field but with larger error. Because of differing values, they classify this case of magnetic field detection as possible (marked "P" in their combined table).
According to our results, the mean longitudinal magnetic field of the optical component (O9.7 Iab supergiant) varies with the orbital phase, reaching its maximum of 130 G (σ ∼ 20 G) at phase 0.5. The magnetic field was detected at a high confidence level (about 6σ) near the orbital phases φ=0.4 in 2007 and φ=0.5 in 2008. ⟨B z ⟩ varies periodically with the orbital phase (two waves for a period).
We investigated the He II 4686Å spectral line separately. Due to the presence of a strong emission component in the line profile, it was not included in the earlier analysis. To eliminate the influence of the stellar-photosphere absorption component of He II 4686Å, we subtracted the model-atmosphere line profile for each φ. Certainly, the accuracy of the magnetic-field measurements using just a single line is considerably worse compared to those based on the whole spectrum. Nevertheless, our analysis shows the possible presence of a magnetic field of the order of (300−1000) G, at a significance level about (2.5−3.5)σ in the region of formation of the 4686Å emission.
To find He II 4686Å line formation regions, we constructed a Doppler tomogram (the binary system's image in velocity space, see Section 7) based on our VLT observational data. This tomogram was build using 13 line profiles. It shows that the HeII 4686Å emission originates in the outer regions of the accretion structure.
The estimated magnetic field for this region, ∼ 600 G, is in agreement with Shvartsman's ideas (Kaplan and Shvartsman 1976 ) that the gas stream carries the magnetic field to the accretion structure and the gas is compressed by a factor of ∼ 10 due to interaction with the outer parts of the structure. Along with the increase of gas density, the magnetic field is increased to B ∼ 600 G. This takes place at a distance of 6 · 10 11 cm = 2 · 10 5 R g from the black hole (Bochkarev et al. 1975) , where R g is the gravitation radius. Following Shakura & Sunyaev (1973) , we get B ∼ 10 9 G at 3 R g for the standard magnetized accretion-disk model. Taking into account the radiative pressure predominance inside ∼ (10−20)R g , we get B(3R g ) ∼ (2−3) · 10 8 G. The measured value of the magnetic field strength at the marginal orbit of the Cyg X-1 black hole corresponds quite well to the Magnetic Coupling model with equipartition between kinetic and magnetic energy densities.
The paradigm of magnetic disk accretion dominates in theoretical models that describe processes in objects with black holes, such as microquasars or active galactic nuclei. Nevertheless, up to now, there were no reliable measurements of magnetic fields in these systems. The presence of magnetic field in Cyg X-1 was first predicted by Shvartsman (1971) . He wrote that millisecond X-ray emission flickering of Cyg X-1 evidenced for the presence of a black hole and pointed out the role of the magnetic field in accretion onto a black hole (Pustilnik & Shvartsman 1974; Kaplan & Shvartsman 1976) . Since that time, there have been many attempts to find the magnetic field of Cyg X-1 but all these efforts gave upper limits only. Our VLT FORS1 observations of 2007 and 2008 revealed the presence of a magnetic field in the system. For the first time, we found (on the 6σ level) a magnetic field of the order of ∼ 130 G on the surface of the Cyg X-1 optical component (O-supergiant) and estimated from observations (on a level about 3σ) the magnetic field in the outer part of the accretion structure as ∼ 600 G, in agreement with theoretical predictions. Scaling this field value to the vicinity of the black hole, we showed that the field was strong enough to explain the X-ray millisecond flickering. The magnetic energy flux is 10 37 erg s −1 , which exceeds the flickering component power. Thus, the dissipation of magnetic energy permits to account for the X-ray flickering. From the above-mentioned estimates, the magnetic moment of the black hole in Cyg X-1 is about 10 30 G cm 3 . According to Robertson & Leiter (2003) , the object belongs to the class of Magnetic Extremely Compact Objects (MECOs). We also found indication (yet to be confirmed) for year-to-year variations of the magnetic field orbital curve, which may point to the variations of magnetic field that originate in the optical component. Such variations are very important for changes in the accretion process in this X-ray binary and can probably explain long-time variations in X-ray and optical ranges. Measurements with FORS1 suffer from a crosstalk between linear and circular polarization. Therefore, it is important to check our results with another facility.
EXPECTED OBSERVATIONAL OPTICAL MANIFESTATION OF THE SUPERGIANT'S MAGNETIC FIELD IN THE X-RAY BINARY CYG X-1
In , we consider the influence of the magnetic field of the O9.7 Iab supergiant component in the Cyg X-1 X-ray binary system on its atmosphere. In the frame of the simplest model (the unipolar cylindrically symmetric circumpolar magnetic spot model in static approximation, neglecting the Lorentz force component related to the force line curvature), the magnetic pressure is found to be comparable not only to gas pressure but also to the sum of gas and radiation pressure in the stellar photosphere and may even exceed them in the area around the magnetic poles. In this case, the resulting total pressure should be used for calculating model atmospheres. Hence, we may expect the magnetic field influence on the matter outflow (the stellar wind), as well as on the accretion flow. The variability of the magnetic field structure may be responsible for some long-term variations of matter-flow process in this binary system. For example, it may be the reason for the so-called 147/294 d precession variability of Cyg X-1 (see Section 4).
Near the magnetic poles, where the magnetic pressure forms a significant part of the full pressure, the gas pressure (and thus gas density) must be considerably lower than that far from the poles. Consequently, at the poles one can pierce deeper inside and see hotter atmosphere layers. Thus, the existence of hot spots slightly differing in temperature with respect to surrounding areas can be expected. Such spots can influence the light curve and spectral line profiles.
In the case of magnetic poles not coinciding with those of the axis of stellar rotation, the brightness spots may influence the light curve and the shapes of spectral line profiles. Oblique magnetic fields take place for the majority of magnetic stars and also, most probably, for the Cyg X-1 supergiant. estimated the upper brightness limit of the suspected spots and found an upper limit for the relative continuum brightness, ∆I/I ≃ +0.25, for the magnetic spot near 5000Å on the Cyg X-1 optical component for observations normal to the stellar surface. If the real ∆I/I is not far from this upper limit, then the ground-based optical broad-band photometry (usual precision of ∼ 1%) is able to detect spots of a size of 1/3 of the stellar radius at the 3σ significance level. High-precision ground-based photometry (∼ 0.5%) is able to find spots of about 1/4 of the stellar radius. The field of higher multipole configuration forms smaller spots.
The mean orbital curve obtained over many years is not symmetric and somewhat differs from the theoretically expected tidal-distortion light curve (see Section 4). The differences are about 0.01 mag. It is necessary to investigate this effect more precisely.
Besides, brightness spots having other atmosphere parameters distort the spectral line profiles because of stellar rotation. They may create variable profile asymmetry. To detect this effect, it is necessary to have observational data with a signal-to-noise ratio of S/N ≥ 300. During our spectroscopic observations with the 6-meter telescope, we revealed year-to-year spectral-line (e.g. H β ) profile variations at close orbital phases. But they may be due to other reasons (e.g. clumpy stellar wind), therefore it is necessary to continue investigations.
Thus, bright spots are formed on the star surface. The dipolar or quadrupolar magnetic field can create large-size bright spots that can be studied by groundbased optical photometry. In the case of the magnetic field inclined to the star's rotation axis, the resulting variability can be of the order of 1%. The field of higher multipolar configuration (produced by dynamo) can form smaller spots and can be detected only by space telescopes. Besides, spots can be revealed from spectral-line profile variations. Observations of spots can be used as an instrument of magnetic field analysis.
CONCLUSIONS
We presented a review of the results of our 40-year-long study of Cyg X-1 using various methods and observational data obtained by ourselves as well as by other scientists: mainly optical photometric, spectroscopic, and polarimetric ones, with X-ray data also taken into account. Cyg X-1 is the brightest massive X-ray binary with a black hole, moreover, located in the northern sky and thus most convenient for studying.
Achieving understanding of the processes taking place in this close binary system is especially important not only for the theory of stellar evolution or for revealing mechanisms of accretion onto black holes, but for world view as well. While carrying out our investigation, we discovered many interesting phenomena and facts. A considerable number of them remain unclear, as, for example, the origin of the so called "precession" 294/147 d period, heavy element overabundance, and so on.
The orbital component of photometrical variability because of the ellipsoidal shape of the optical star was investigated in the Roche model. Limitations on the system parameters we obtained are still relevant. Apart from flares and dips of different types, several periodicities were revealed, including the period 294/147 d.
An analysis of linear polarization due to electron scattering and re-emission in the atmospheres of the star and disk, when applied to Cyg X-1, shows the linear polarization variations to be mainly due to scattering in optically thin gas spread asymmetrically with respect to the line joining the components, and the precession occurs in the direction of the orbital motion.
Model computations show the input of the accreting structure scattering and re-emitting the optical component light to be comparable to the amplitude of orbital variations. Precession motion of the accretion disk can explain the optical variations with the 294/147 d period.
The instability of matter outflow from the supergiant to the degenerate component is revealed. The detected 7-12-day time lag of the X-ray variations with respect to the optical ones shows that matter crosses the accretion structure in a short time interval, which contradicts the alpha-model and points to the flow of matter partially out of the disk plane.
By comparing the observed high-resolution spectra to model non-LTE ones, it becomes possible to put limitations on the parameters of the O supergiant (the optical component of Cyg X-1): T eff = 30 500 ± 500 K, log g = 3.31 ± 0.05 and element abundance excess: from 0.4 dex to 1.0 dex for He, N, Ne, Mg, Si, that is, products of CNO-and α-processes.
We studied spectral line profile variations on different time scales. Photometric and spectral variations point to the supergiant's parameter variations on a time scale of decades. Non-LTE model calculations and comparison of their results to observational data led to the conclusion that the star radius had increased by 3% over 1997-2004 and the temperature had decreased by ∼ 2000 K. Because of the stellar surface approaching the critical Roche lobe, the instability of matter outflow and, consequently, of the observed X-ray flux has increased.
2D and 3D-tomographic investigations based on orbital variations of the He II 4686Å line profile were carried out. They permitted to specify the system's model and to obtain information on the gas flow. The obtained mass ratio of the components is 1/4 < q < 1/3. Spectropolarimetric observations with the ESO 8-m VLT telescope detected the ∼ 100 G magnetic field on the supergiant, which may be responsible for spots and stellar wind inhomogeneities on its surface. Changes in magnetic field configuration with respect to the donor-accretor line may lead to variations of the accretion.
According to observational data and theoretical estimations, the flowing matter carries the magnetic field of ∼ 600 G on to the outer region of the accretion structure. For the first time, a confirmation of magnetic accretion on a black hole is obtained.
However, the system parameters remain unclear till now. Many-year investigations of the X-ray binary system Cyg X-1 have shown that it is impossible to fully describe the object's behavior and its observational manifestations and determine its parameters in the frame of simple models. Thus, in determining the system's parameters from the orbital light curve, too much importance should not be attached to their accurate approximation in the frame of simplified theoretical models. For example, one should not believe the choice of models with orbital eccentricity and asynchronous rotation of the supergiant, based on the goodness of fit in Orosz et al. (2011) (see Section 2). The orbital light curve is influenced by many other factors, such as long-term changes (periodic and non-periodic), dips and flares of different type, and conceivable magnetic spots (see Sections 4 and 10). Besides, some of the factors are unpredictable and still not fully understood. It is necessary to take into account not only the accretion structure contribution to the orbital light curve shape, but its variations as well. The orbital radial-velocity curve is also influenced by a number of factors, e.g., velocity-altering line shifts due to emission components produced by the stellar wind (see Section 6), line formation at different optical depths with differential rotation, magnetic spots on the star (see Section 10), and so on.
Improved models taking into account the factors mentioned above should be used. However, one cannot proceed without using and developing other methods. For example, the methods of 2D Doppler tomograms for the component mass ratio determination we have developed and tested should be improved. 3D Doppler tomograms will permit to investigate the optically thin gas responsible for variable linear polarization. Actually, we are carrying through an observational program aimed at revealing broad underlying spectral lines from the accretion structure that would provide a more direct method for determining the mass ratio. In addition, complex studies should be carried out combining multiwave coordinated observations of different types (photometric, including IR-observations, spectroscopic, polarimetric, X-ray, radio, etc.) with the developed methods.
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